Introduction {#s01}
============

The clustered regularly interspaced short palindromic repeats (CRISPR) bacterial acquired immunity system, as redesigned for application in eukaryotic cells, has become a powerful tool for genome editing ([@bib13]; [@bib3]; [@bib24]), gene expression modulation ([@bib27]), and genomic DNA visualization ([@bib2]; [@bib22], [@bib23]). The CRISPR-associated protein 9 (Cas9)--guide RNA complex initially locates a protospacer adjacent motif (PAM) sequence and a vicinal 10--12 nt seed sequence for complementarity, both of which are essential for DNA targeting and cleavage ([@bib14]; [@bib32]; [@bib11]; [@bib29]). Biochemical studies suggest that structural reorganization of the Cas9--guide RNA complex and R-loop formation at the target are essential for DNA cleavage ([@bib34]; [@bib30]; [@bib33]; [@bib12]). Single molecule tracking in living cells revealed that the Cas9--guide RNA complex searches DNA by 3D diffusion with a dwell time of \<1 s at off-target sites and established a lower limit of ∼5 min for on-target residence time ([@bib18]).

However, the true on-target dwell time of Cas9--guide RNA and its influence on CRISPR activity in living cells remain unknown. Here, we have investigated the intranuclear assembly and target-binding dynamics of the Cas9--guide RNA complex in live cells and have found that target residence time highly correlates with cleavage activity.

Results {#s02}
=======

Visualization of Cas9, guide RNA, and DNA target in living cells {#s03}
----------------------------------------------------------------

In previous studies, either nuclease-dead Cas9 (dCas9) from *Streptococcus pyogenes* was tagged with fluorescent proteins for live cell tracking ([@bib2]; [@bib22]), or RNA aptamers were inserted into the guide RNA to recruit fluorescent protein-fused binding partners for visualization of DNA targets ([@bib23]). In this study, we directly labeled both dCas9 and the guide RNA to track their assembly and target-site interrogation. The system we designed is diagrammed in [Fig. 1 A](#fig1){ref-type="fig"}, and a detailed description of its molecular components and strategic operation is given in the figure legend. The guide RNA carries the aptamer "Broccoli" ([@bib6]) so that one can convert it to a fluorescent RNA by adding a specific small molecule to the medium, which, after cellular uptake, forms a conjugate with the guide RNA's aptamer that elicits the small molecule's fluorescence (see also [Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201604115/DC1){#supp1}). The guide-Broccoli RNA is constitutively expressed via the U6 promoter, and its expression is reported by the coexpression of blue fluorescent protein (BFP) downstream via a constitutive phosphoglycerol kinase promoter. In parallel, the system employs a ligand-tunable destabilization domain (DD; [@bib1]) in addition to the Tet-On system to tightly control the expression of dCas9-mCherry. As the genomic target for interrogation by Cas9--guide RNA, we chose a repeated sequence uniquely situated in the subtelomeric region of the long arm of chromosome 3 (C3; [@bib23]), which facilitated visualization of the complex at the target with a favorable ratio of foci signal/nuclear background. As shown in [Fig. 1 B](#fig1){ref-type="fig"}, DD-dCas9-mCherry and the C3-targeting guide RNA--2XBroccoli were colocalized on distinct foci (C3).

![**Multicolor labeling system for CRISPR nuclear dynamics.** (A) Diagram of the CRISPR dynamics tracking system. dCas9 was fused to a DD at the N terminus and mCherry at the C terminus as well as two nuclear localization signals (NLSs) and a posttranscriptional regulatory element of woodchuck hepatitis virus. Lentiviral long terminal repeats were used for integration, and expression was under the control of the cytomegalovirus (CMV) promoter with the 2× TetO~2~ tetracycline operator. Expression of DD-dCas9-mCherry was induced by the addition of doxycycline (Dox), and any of the protein resulting from leaky repression was subjected to degradation by ubiquitinylation-proteasome system because of the presence of the DD. The C3--guide RNA was tagged by a pair of the Broccoli RNA aptamer and was constitutively produced from the U6 promoter but became fluorescent only upon addition of the cell-permeant small molecule DFHBI-1T. This same plasmid contained the tetracycline repressor (TetR) and BFP fused with an NLS via a 2A self-cleaving peptide (P2A) linker constitutively expressed via the PGK promoter. Stable cells were generated for constitutively expressed C3--guide RNA and controllable DD-dCas9-mCherry to study how their level impacts the DNA target (C3) recognition. BFP is used for a reporter for C3--guide RNA expression. The chromosomal target is a repeated sequence uniquely situated at a subtelomeric site on the long arm of C3 ([Fig. 3 A](#fig3){ref-type="fig"} and detailed in Materials and methods). (B) Simultaneous visualization of dCas9, guide RNA, and the C3 target in live cells. Localization of BFP reporter (blue), DD-dCas9-mCherry (red), and C3--guide RNA--2XBroccoli (green) stably expressed in a U2OS-derived cell line. Bars: (black) 5 µm; (white) 1 µm.](JCB_201604115_Fig1){#fig1}

Cas9 is indispensable for guide RNA stability in living cells {#s04}
-------------------------------------------------------------

To directly measure the Cas9 and guide RNA levels in living cells, we used FACS ([Fig. 2 A](#fig2){ref-type="fig"}). The results showed that the DD-dCas9-mCherry level was tightly controlled by the addition of doxycycline (Dox) and Shield1, whereas C3--guide RNA--2XBroccoli was not fluorescent until the cells were exposed to DFHBI-1T. Intriguingly, in the absence of DD-dCas9-mCherry, the level of fluorescent guide RNA was too low to be detected by either FACS or microscopy ([Fig. 2, A and C](#fig2){ref-type="fig"}) under similar BFP expression ([Fig. 2, B and C](#fig2){ref-type="fig"}), indicating that the guide RNA is extremely unstable in the absence of dCas9, which was confirmed by RT-PCR analysis ([Fig. 2 D](#fig2){ref-type="fig"}).

![**Cas9 is required to stabilize guide RNA in living cells.** (A) FACS analysis of guide RNA--2XBroccoli in presence or absence of dCas9 and DFHBI-1T. The cellular level of BFP reporter, C3--guide RNA--2XBroccoli, and induced DD-dCas9-mCherry (48 h of induction) were measured in the presence of 5 µM DFHBI-1T for FACS analysis. Data in all panels are representative of experiments performed at least three times. (B) Box-and-whisker plots show the expression levels of BFP (blue), DD-dCas9-mCherry (red), and C3--guide RNA--2XBroccoli (green) in the indicated conditions. Box spans from first to last quartiles. Whiskers represent 10/90 percentiles, and middle lines represent the position of the mean value of the data distribution. (C) Images of C3--guide RNA--2X Broccoli were captured in presence and absence of dCas9. The U2OS-derived cell line stably expressing BFP indicator (blue) and C3--guide RNA--2XBroccoli (green) was imaged before or after induction of DD-dCas9-mCherry (red) by Dox with Shield1, and 10 µM DFHBI-1T was added before imaging. Bar, 5 µm. Data in all panels are representative of experiments performed at least three times. (D) RT-PCR analysis. RNA was extracted from the stable cells line in which dCas9 had or had not been induced for the previous 48 h and subjected to RT-PCR as detailed in the Materials and methods. Data are presented as means ± SD (*n* = 4), and statistical significance is calculated by Student's *t* test: \*\*, P \< 0.005.](JCB_201604115_Fig2){#fig2}

To investigate the stability of the dCas9--guide RNA complex, cell lines expressing C3--guide RNA--2XBroccoli and DD-dCas9-mCherry were treated with actinomycin D at a concentration that inhibits transcription by all three RNA polymerases. Approximately 50% of the guide RNA disappeared within 15 min, and the remainder declined over the subsequent 4 hours, whereas both BFP and Cas9 levels remained stable, confirming their expression and that of the guide RNA ([Fig. 3, A and B](#fig3){ref-type="fig"}). In additional experiments, we examined the effect of guide RNA--2XBroccoli with shorter guide sequences (i.e., 11, 6, or 0 nt in length) on the stability of the dCas9--guide RNA complex. As shown in [Fig. 3 C](#fig3){ref-type="fig"} (middle), stability decreased with the shorter guide RNA lengths.

![**Stability of the Cas9--guide RNA complex in live cells.** (A) The U2OS-derived cell line stably expressing BFP indicator, C3--guide RNA--2XBroccoli and with DD-dCas9-mCherry having been induced for the previous 48 h, was incubated with actinomycin D (10 µg/ml) for the indicated times, and cells were harvested at each time point. To measure the level of the guide RNA-2XBroccoli, 5 µM DFHBI-1T was added before FACS analysis. (B) Plots of the fluorescence levels of BFP reporter, DD-dCas9-mCherry, or C3--guide RNA--2XBroccoli in the left, middle, and right, respectively. Box spans from first to last quartiles. Whiskers represent 10/90 percentiles, and middle lines represent the mean value of the data distribution. Data in panels are representative of experiments performed at least three times. (C) Stably transfected cells with guide RNA--2XBroccoli of 11,6, or 0 nt in length of guide RNAs were used to measure the stability of the dCas9--guide RNA complex, as reflected by the guide RNA--2XBroccoli levels.](JCB_201604115_Fig3){#fig3}

Nuclear guide RNA concentration is a limiting factor for efficient DNA targeting {#s05}
--------------------------------------------------------------------------------

To understand how the stability of the guide RNA affects DNA interrogation, we compared the guide RNA containing a full-length tracrRNA (trans-activating CRISPR RNA) component (+85 nt) to guide RNAs with truncated tracrRNA components (+54 or +67 nt), which had been shown to be less stable ([@bib10]; [@bib26]). Reduced nuclear guide RNA--Broccoli signal and reduced foci signals were evident with guide RNAs with truncated tracrRNA components compared with the full-length one ([Fig. 4 A](#fig4){ref-type="fig"}). The expression levels of BFP and dCas9-mCherry were comparable in each condition, indicating that Cas9--guide RNA complexes with truncated tracrRNAs are less stable and result in inefficient DNA targeting. The level of nuclear C3--guide RNA--Broccoli, presumably reflecting the assembled Cas9--guide RNA complex, positively correlated with target binding as shown by foci brightness ([Fig. 4 B](#fig4){ref-type="fig"} and [Fig S2](http://www.jcb.org/cgi/content/full/jcb.201604115/DC1){#supp2}). Hence, DNA interrogation by Cas9--guide RNA is limited by the guide RNA stability and assembly with Cas9 and is driven by the concentration of the assembled Cas9--guide RNA complex. Interestingly, with the two shorter guide RNAs, we observed a nucleolar localization of Cas9 ([Fig. 4 A](#fig4){ref-type="fig"}), raising the possibility that some dCas9 remains unassembled with these shorter guide RNAs and enters nucleoli where there is a high concentration of hundreds of small noncoding RNA species ([@bib15]).

![**The effect of nuclear guide RNA level on target DNA interrogation.** (A) U2OS cells were cotransfected with dCas9-mCherry and plasmids encoding C3--guide RNA--Broccoli-54 (54-nt truncated tracrRNA component), C3--guide RNA--Broccoli-67 (67-nt truncated tracrRNA component), or C3--guide RNA--Broccoli-85 (85 nt full tracrRNA component), each plasmid containing the BFP reporter; all cells were exposed to 5 µM DFHBI-1T to visualize Broccoli. Data in all panels are representative of experiments performed at least three times. (B) The effect of nuclear C3--guide RNA--2XBroccoli expression level on the foci brightness. Bars: (black) 5 µm; (white) 1 µm. Data in all panels are representative of experiments performed at least three times.](JCB_201604115_Fig4){#fig4}

Target residence time determines guide RNA targeting efficiency {#s06}
---------------------------------------------------------------

To understand how CRISPR complex interrogates true or mismatched target, we then used FRAP of GFP-dCas9 to measure the on-target residence time ([Fig. 5, A and B](#fig5){ref-type="fig"}). The residence time and the off-rate of the dCas9/C3-11--guide RNA complex on the C3 target were estimated to be 206 ± 4.5 min and 2.9 ± 0.1 × 10^−4^ s^−1^ ([Fig. 5 C](#fig5){ref-type="fig"} and [Fig. S3](http://www.jcb.org/cgi/content/full/jcb.201604115/DC1){#supp3}). Complexes with mismatched guide RNAs at the seed sequence all displayed shorter residence times from one third to one hundredth on the target in an identity- and position-dependent manner ([Fig. 5 C](#fig5){ref-type="fig"} and Fig. S3). These results, obtained in live cells, show that even a single mismatch between the guide RNA and the target DNA significantly reduces the dwell time of the dCas9--guide RNA complex on the target. A mismatched guide RNA that had shorter target residence was also reflected in reduced overall foci brightness ([Fig. 5, D and E](#fig5){ref-type="fig"}). Purine-to-purine mismatches at position -5 away from the PAM previously were shown to result in loss of cleavage activities in all 46 guide RNAs examined ([@bib4]). Here, we show that -5 (C) to G or A mutations, resulting in G to G or G to A mismatches, resulted in reduction of residence times to 7.4 ± 3.6 min or 1.4 ± 0.6 min, respectively ([Fig. 5C](#fig5){ref-type="fig"}). These results reveal that mismatches on guide RNA seed sequence reduce target residence time in an identity- and position-dependent manner, but not with respect to their proximity to the PAM site, at least as compared with the mismatches at the -5 or -3 positions.

![**Mismatched guide RNA reduce targeting efficiency by lessening residence time.** (A) Schematic of C3-specific repeat locus. FRAP analysis was used to estimate the target residence time of guide RNAs carrying single mismatches (red and underlined) at the -3 or -5 positions of the seed region. The PAM sequence in the target is shown in orange. (B) FRAP images of Cas9/C3-11--guide RNA on the target. The bleached spot is indicated by the arrow. Bar, 5 µm. (C) Recovery times of dCas9-3XGFP at the target as a function of each C3-11 guide RNA indicated. Inset table: the recovery times (*τ*) and dissociation rates (*k~off~*) were estimated by fitting the FRAP curves as detailed in Materials and methods. \*The values represent the mean with standard errors in the plot from three independent experiments. (D) Targeting efficiency with mismatches on seed sequences. C3-11 guide RNAs carrying a single mutation at position -3 or -5 were expressed in U2OS cells along with dCas9-3XGFP, and the foci brightness was examined under similar nuclear fluorescent backgrounds. Bar, 5 µm. Data in all panels are representative of experiments performed at least three times. (E) The relative foci brightness of guide RNA mutants (*n* = 28 for 11wt, 23 for 11m3.1, 20 for 11m3.2, 20 for 11m3.3, 23 for 11m5.1, 30 for 11m5.2, and 22 for 11m5.3). Box spans from first to last quartiles. Whiskers represent 10/90 percentiles, and middle lines represent the mean position.](JCB_201604115_Fig5){#fig5}

The correlation between shortened residence time and lower target-binding efficiency was also observed when the guide RNA length truncated from 11 to 8 nt, and the residence time decreased from 206.0 ± 4.6 min to 25.3 ± 7.3 min ([Fig. S4](http://www.jcb.org/cgi/content/full/jcb.201604115/DC1){#supp4}). This finding aligns with recent studies that guide RNAs 12 and 20 nt in length were comparable in transcription activation, whereas 1 of 8 nt had almost negligible activation ([@bib16]) because the residence time of transcription factors on the promoters has been shown to be correlated with transcription activation ([@bib21]).

CRISPR cleavage activity is correlated with residence time {#s07}
----------------------------------------------------------

We then asked how the residence time on the target correlates with CRISPR activity. To directly visualize cleavage activity, target foci were labeled using pairs of guide RNAs, and loss of foci brightness caused by cleavage was monitored ([Fig. 6 A](#fig6){ref-type="fig"}). Truncated (11 nt; C3-11 for labeling only; [@bib23]) and full-length (20 nt; C3-20 as cleavage competent) guide RNAs were simultaneously used together with nuclease-active Sp Cas9-3XGFP. Because the target is a repeated sequence, cleavage will be manifest by signal diminution and dispersal. Mutations in the C3-20 guide RNAs are predicted to result in variable degrees of cleavage. Intermediate degrees of cleavage will result in an increase in the number of foci with lower intensity, whereas higher levels of cleavage will result in loss of detectable foci altogether. When only C3-11 guide RNA (labeling competent, cleavage noncompetent) was used, four distinct target foci were detected, whereas no distinct foci were observed when the C3-20 guide RNA was coexpressed with C3-11 ([Fig. 6, B and C](#fig6){ref-type="fig"}). Mismatched guide RNAs that displayed shorter target residence times ([Fig. 5 C](#fig5){ref-type="fig"}) displayed less cleavage activity ([Fig. 6, B and C](#fig6){ref-type="fig"}; [Fig. S5](http://www.jcb.org/cgi/content/full/jcb.201604115/DC1){#supp5}). The degree to which cleavage activity was impaired by each of the mismatched guide RNAs aligns with previously reported studies ([@bib10]). These results suggest that radical alterations of residence time occur when there are mismatches in the seed sequence, implying that in living cells, the Cas9--guide RNA complex acutely detects a true target DNA before executing the cleavage step.

![**CRISPR cleavage activity decreases with residence time.** (A) Schematic of strategy for direct visualization of cleavage activities. C3-11 guide RNA was used for labeling, and C3-20 or variants thereof with single or double mutations (red and underlined) at position -3 or -5 adjacent to the PAM site were cloned into the same plasmid (as denoted by the black bracket between them in the diagram) Concurrently, nuclease-active Cas9 fused to 3XGFP was used for simultaneously labeling and cleaving the C3 target. (B) U2OS cells were cotransfected with guide RNAs and Cas9-3XGFP and then fixed after 24 h and imaged by collecting z-stack images to capture all foci in each nucleus examined. Foci (control, noncleaved target), no foci (C3-20wt, highly cleaved target), or dispersed punctae (C3-20m3.2, cleaved target) are shown in representative images. Bar, 5 µm. (C) The mean number of either foci or dispersed punctae observed with the control (wild-type) guide RNA or mutants are plotted; ND denotes not detectable as fluorescence above the nuclear background. Each histogram bar represents the mean foci numbers (*n* = 16 for control, 14 for 20wt, 14 for 20m3.1, 15 for 20m3.2, 15 for 20m3.3, 12 for 20m5.1, 11 for 20m5.2, 10 for 20m5.3, and 11 for 20m35).](JCB_201604115_Fig6){#fig6}

Discussion {#s08}
==========

In the type II CRISPR-Cas system, Cas9 and guide RNAs assemble into a ribonucleoprotein complex and act as a single-turnover enzyme to cleave target DNA highly efficiently in vitro ([@bib13]; [@bib33]). However, the cell's microenvironment of Cas9, guide RNA, and the target might alter target recognition efficiency ([@bib5]; [@bib7]). Here, we examined Cas9 and guide RNA's intracellular location, level, and stability in living cells and their effects on RNP assembly for target recognition. We found that guide RNAs are extremely unstable in the absence of Cas9 or when the guide RNA has a truncated tracrRNA component. In the presence of Cas9, the guide RNA displayed two nuclear populations with half-lives of ∼15 min and ∼2 h, respectively ([Fig. 3](#fig3){ref-type="fig"}). We speculate that the former represents Cas9--guide RNA complexes roaming the nucleus, and the latter represents ones that are stabilized by DNA binding, either to targets or nontargets. The fact that the guide RNA is so unstable in the absence of Cas9 emphasizes the importance of expressing it at stoichiometric levels with respect to Cas9 in gene-editing studies. Conversely, the nucleolar localization of Cas9--guide RNA complexes under some conditions, as we have observed ([Fig. 4 A](#fig4){ref-type="fig"}) and also reported previously ([@bib2]), suggests that attention must be paid in gene-editing endeavors to the possible sequestration of CRISPR machinery in this RNA-rich nuclear body.

It has not been well understood how the Cas9--guide RNA complex reaches targets within structurally organized chromatin environments. The genome contains a vast number of off-target binding sites for any given guide RNA ([@bib19]; [@bib37]), and these would be expected to attenuate free intranuclear diffusion of the Cas9--guide RNA complex, thus slowing the kinetics of the search process for the bona fide target ([@bib5]). These model studies suggested that the on-target cleavage activity would be increased and off-target binding would be substantially reduced when the genome size increases from the ∼50,000 base pairs of λ phage to ∼3 billion base pairs in the human genome. We find that increased nuclear Cas9 and guide RNA concentrations significantly enhance DNA targeting. Moreover, our finding that guide RNAs are extremely unstable in the absence of Cas9 means that achieving high and equal levels of both nuclear Cas9 and guide RNA will be essential for CRISPR efficiency, whether for editing, gene regulation, or chromosomal locus labeling.

In the type I CRISPR-Cas system, in vitro kinetics studies have shown that target recognition occurs through directional R-loop zipping from the PAM and that intermediate R-loops stall at mutations and collapse in a PAM proximity--dependent manner, resulting in shorter residence times at targets with mismatches closer to the PAM ([@bib30]). Here, our in vivo measurements, with a type II CRISPR-Cas9 system, revealed that on-target residence time radically changes with single mismatches in the guide RNA seed sequence in a base identity- and position-dependent manner, but independent of PAM proximity. Specifically, the transversion mutation (C to A) reduced the residence time to a greater extent than the transition mutation (C to U), which agrees with the reported higher residual CRISPR activity of seed transition mutations than transversions ([@bib10]; [@bib36]). Moreover, we found that the distance of a mismatch from the PAM is not directly correlated with residence time and cleavage activity. We found that C to G or A mismatches -5 away from the PAM were more detrimental than ones at position -3.

In summary, our measurements of target residence times revealed the critical negative impact of certain mismatches in the seed sequence and their inverse correlation with cleavage activity ([Fig. 7](#fig7){ref-type="fig"}). Measurements of target residence time for mismatches at each position can thus be used in the rational design of optimal guide RNAs. It will be intriguing to examine whether new Cas orthologues ([@bib9]; [@bib28]; [@bib38]) or *S. pyogenes* Cas9 variants with increased specificity ([@bib17]; [@bib31]) sensitize target discrimination by altering residence times.

![**A working model of CRISPR nuclear dynamics.** Schematic of CRISPR nuclear dynamics and target interrogation in living cells. Guide RNA is rapidly degraded if not assembled with Cas9, and the Cas9--guide RNA complex interrogates DNA in a concentration-dependent manner; guide RNA and target mismatches reduce residence time in an identity- and position-dependent manner, and the degree of changes determines the cleavage activity.](JCB_201604115_Fig7){#fig7}

Materials and methods {#s09}
=====================

Plasmid construction {#s10}
--------------------

The expression vector for dCas9-mCherry, 3XGFP from *S. pyogenes* was described previously, originally constructed from pHAGE-TO-DEST ([@bib22]), and a DD was inserted into the N-terminal region. The guide RNA expression vector was based on the pLKO.1 lentiviral expression system (Addgene), in which TetR-P2A-BFP (Addgene) was inserted right after the phosphoglycerate kinase (PGK) promoter, with sequences coding for the desired guide RNA, guide RNA--1XBroccoli, or guide RNA--2XBroccoli inserted immediately after the U6 promoter. To place C3-20 and C3-11 guide RNAs in the same plasmid, DNA sequences for the U6 promoter-C3-11 guide RNA were amplified by PCR and cloned downstream of the U6--guide RNA cassette, and then C3-20 or the other guide RNA mutants were cloned into the same vector. The rapid guide RNA expression plasmid construction protocol was described previously ([@bib22]). Details on the Cas9s and guide RNAs used in this study are given in [Table S1](http://www.jcb.org/cgi/content/full/jcb.201604115/DC1){#supp6}.

Cell culture and transfection {#s11}
-----------------------------

Human osteosarcoma U2OS cells (ATCC) were cultured on 35-mm glass-bottom dishes (MatTek Corporation) at 37°C in DMEM (Thermo Fisher Scientific) containing high glucose and supplemented with 10% (vol/vol) FBS. For transfection, typically 200 ng of dCas9-mCherry or dCas9-3xGFP plasmid DNA and 1 µg of total guide RNA plasmid DNA indicated were cotransfected using Lipofectamine 2000 (Thermo Fisher Scientific), and the cells were incubated for another 24--48 h before imaging. For actinomycin D (Thermo Fisher Scientific) treatment, cells were seeded in 6-well plates in medium containing 2 µg/ml doxycycline (Sigma-Aldrich) and 0.5 µM Shield1 (Takara Bio Inc.). After 2 d, actinomycin D (Sigma-Aldrich) was added at 10 µg/ml at the indicated times before FACS analysis. For [Fig. 6 B](#fig6){ref-type="fig"} and Fig. S5, cells were transfected for 24 h and fixed in 4% formaldehyde for 10 min before capturing images.

Lentivirus production and transduction {#s12}
--------------------------------------

HEK293T cells were maintained in Iscove's Modified Dulbecco's Medium (Thermo Fisher Scientific) containing high glucose and supplemented with 1% GlutaMAX (Thermo Fisher Scientific), 10% FBS (Hycolne FBS; Thermo Fisher Scientific), and 1% penicillin/streptomycin (Thermo Fisher Scientific). 24 h before transfection, ∼5 × 10^5^ cells were seeded in 6-well plates. For each well, 0.5 µg of pCMV-dR8.2 dvpr (Addgene) and 0.3 µg of pCMV-VSV-G (Addgene), each constructed to carry HIV long terminal repeats, and 1.5 µg of plasmid containing the gene of interest were cotransfected by using TransIT transfection reagent (Mirus) according to the manufacturer's instructions. After 48 h, the virus was collected by filtration through a 0.45-µm polyvinylidene fluoride filter (Pall Laboratory). The virus was immediately used or stored at -80°C. For lentiviral transduction, U2OS cells maintained as described in Cell culture and transfection were transduced by spinfection in 6-well plates with lentiviral supernatant for 2 d and ∼2 × 10^5^ cells were combined with 1 ml lentiviral supernatant and centrifuged for 30 min at 1,200 *g*.

Flow cytometry {#s13}
--------------

Cells expressing the desired fluorescent Cas9 and/or guide RNA were selected by fluorescence-activated sorting (FACSAria cell sorter; BD) or analyzed on an LSR II cytometer (BD). All data were processed with FlowJo software (Tree Star). Both the FACSAria cell sorter and LSR II cytometer were equipped with 405-, 488-, and 561-nm excitation lasers, and the emission signals were detected by using filters at 450/50 nm (wavelength/bandwidth) for BFP, 530/30 nm for Broccoli or GFP, and 610/20 nm for mCherry. Single cells were sorted onto individual wells in 96-well plates containing 1% GlutaMAX, 20% FBS, and 1% penicillin/streptomycin in chilled DMEM medium. For the Broccoli signal analysis, 5 µM DFHBI-1T was added before FACS.

FRAP and fluorescence microscopy {#s14}
--------------------------------

A microscope (DMIRB; Leica Biosystems) was equipped with an EMCCD camera (iXon-897D; Andor Technology), mounted with a 2× magnification adapter and 100× oil objective lens (NA 1.4), resulting in a total 200× magnification equal to a pixel size of 80 nm in the image. The microscope stage incubation chamber was maintained at 37°C. A custom-built FRAP module was inserted between the fluorescent lamp and the microscope body, with a motorized translating mirror (Leica Biosystems) used to switch between imaging and FRAP mode. The FRAP module used a 488-nm laser (Obis; Coherent) set to 20 mW output power and created a diffraction limited spot of roughly 800 nm in diameter. The laser was fiber coupled (Pointsource; Qioptiq) and collimated out of an FC connector using a 30 mm focal length lens and projected into the sample with a 200 mm focal length lens and the microscope's excitation tube lens and objective (Leica Biosystems). The FRAP module was controlled through a custom-built mechatronic assembly consisting of a fast linear actuator (Everest), DC motor driver (MCP Technology Systems), custom electrical circuitry, and 3D-printed adapters. The guide RNA used was 11 nt in length to achieve the necessary high signal/noise ratio for live-cell imaging as compared with one of 20 nt in length ([@bib23]). Our use of a guide RNA with an 11-nt seed was also based on the facts that a guide RNA with a 10-nt seed sequence forms a stable Cas9--guide RNA--DNA target ternary complex in vitro ([@bib29]) and that a guide RNA with a 12-nt seed region determined the Cas9--guide RNA targeting specificity ([@bib20]). The C3 target and its immediate periphery were bleached for 5 s, and the postbleach images were acquired up to 4 h as necessitated by the recovery times being observed in experiments with the various guide RNAs. GFP was excited with an excitation filter at 470/28 nm (Chroma Technology Corp.), and its emission was collected using an emission filter at 512/23 nm (Chroma Technology Corp.). Imaging data were acquired by MetaMorph acquisition software (Molecular Devices). Thresholds were set on the basis of the ratios between nuclear focal signals to background nucleoplasmic fluorescence. For fixed cells in [Fig. 5](#fig5){ref-type="fig"}, cells were imaged by using a custom-built, single-molecule, real-time microscope as previously described ([@bib8]; [@bib23]). In brief, imaging was performed on a custom-built, dual-channel setup housing a 150× 1.45 NA oil immersion objective (Olympus) combined with 200-mm focal length tube lenses (LAO-200, cvi; Melles Griot). This produces an effective magnification of 167× and a 95.8-nm pixel. The emission is split in the primary beam path onto three electron-multiplying charge-coupled devices (Andor Technology): iXon3-897E, iXon-897D, and iXonUltra-897U. Emission filters (Semrock) are 460/60 for BFP, 534/20 for mNeongreen, and 600/37 for mCherry. Excitation of fluorescent proteins was with a 405-nm and 515-nm diode laser (Obis, Coherent) and a solid-state 561-nm laser (SE; Cobolt), and the intensity and on/off switching were controlled by an acousto-optic tunable filter (AA Opto-Electronics). In [Fig. 6 B](#fig6){ref-type="fig"} and Fig. S5, the step size in z-stacks was 160 nm, and the exposure time was 150 ms. Each z-stack series was 31 frames, and each image was obtained by a maximum projection of a z-stack series using ImageJ.

Image processing {#s15}
----------------

The time series FRAP images were registered and analyzed by Fiji and then plotted using Origin 9.0 software (OriginLab). The images were first corrected for cellular movements by using the StackReg plugin ([@bib35]). All fluorescence intensities were corrected by background subtraction. Double-bleach correction was performed by using the fluorescence level from the whole nucleus as the indication of photobleaching. The first post bleach image was set to time 0, and the prebleach image was set to intensity 1. We fitted the FRAP curves based on the Diffusion-Uncoupled model ([@bib25]) with a minor modification: $FRAP\left( t \right) = A_{1} - \Phi_{app}e^{- k_{off}t},$ where *t* is time, *A*~1~ is a constant to represent the highest recovery level, Φ*~app~* is the apparent bleached fraction, and *k~off~* is the dissociation rate.

Chromosome-specific repeats {#s16}
---------------------------

Mining of chromosome-specific repeats was described previously ([@bib22]). The chromosome 3--specific locus is situated in the subtelomeric region q29, having the identifier Chr 3: 195199022--195233876 in the human reference genome hg19 at the University of California Santa Cruz genome browser (<http://genome.ucsc.edu>).

RT-PCR analysis {#s17}
---------------

Cells were treated as described in [Fig. 2 D](#fig2){ref-type="fig"}, and RNA was extracted with an RNeasy Plus Mini Kit (QIAGEN) and then subjected to RT-PCR using the following primers and probe (Integrated DNA Technologies) for C3--guide RNA--2XBroccoli: Forward primer: 5′-TGGGCTCTAGCAAGTTCAAATAA-3′; complementary to nt 55--78 of the RNA; Probe: 5′-ACTTGAGACGGTCGGGGTCCAGATA-3′; complementary to nt 94--118 of the RNA; Reverse primer: 5′-CCCACACTCTACTCGACAAGATA-3′; complementary to 144--122 nt of the RNA.

Online supplemental material {#s18}
----------------------------

Figs. S1--S5 include the sequence and structure of C3--guide RNA--2XBroccoli, target interrogation related to the intranuclear Cas9 and guide RNA levels, target residence times from FRAP analysis, effects on residence time of shorter guide RNAs, and images of live-cell cleavage assay. Table S1 lists all guide RNA sequences used in this study. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201604115/DC1>.
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